The prerequisite for widespread use of hydrogen as an energy carrier is the development of new materials that can safely store it at high gravimetric and volumetric densities. Metal borohydrides M(BH 4 ) n (n is the valence of metal M), in particular, have high hydrogen density, and are therefore regarded as one such potential hydrogen storage material. For fuel cell vehicles, the goal for on-board storage systems is to achieve reversible store at high density but moderate temperature and hydrogen pressure. To this end, a large amount of effort has been devoted to improvements in their thermodynamic and kinetic aspects. This review provides an overview of recent research activity on various M(BH 4 ) n , with a focus on the fundamental dehydrogenation and rehydrogenation properties and on providing guidance for material design in terms of tailoring thermodynamics and promoting kinetics for hydrogen storage.
Introduction
Development of advanced hydrogen storage materials for onboard hydrogen storage systems is regarded as a key prerequisite for widespread adoption of fuel cell vehicles. For commercial vehicle
OPEN ACCESS
applications, hydrogen storage materials must possess all the following capabilities: high gravimetric hydrogen density, adequate hydrogenation-dehydrogenation temperature/rate, cycling stability, and low cost [1] .
Metal borohydrides M(BH 4 ) n (n indicates the valence of M) have high gravimetric hydrogen densities and thus have attracted great interest for use in hydrogen storage [2] . The gravimetric hydrogen densities and physical properties of various M(BH 4 ) n [3] are shown in Figure 1 and Table 1 , respectively. 4 ) n , their gravimetric hydorgne densities in the unit of mass%. Asterisks indicate compounds stabilizaed at room temperature by coordiantion with ligands. Brackets indicate compounds reported to be unstable at room temperature but may be isolated at low temperature [3] . Reproduced with permission from reference 3. Table 1 . Density of M(BH 4 ) n and hydrogen density in M(BH 4 ) n [3] . Reproduced with permission from reference 3. First-principles calculations of the electronic structures of M(BH 4 ) n show that they are nonmetallic and have relatively large energy gaps of 1.8 4 ) n have been used as "one-way" hydrogen sources that release the hydrogen on contact with water (via hydrolysis) [9] [10] [11] . Because the hydrolysis reaction is highly irreversible, such materials are certainly not candidates for reversible hydrogen storage. In this review, we focus on the recent progress in the dehydrogenation and rehydrogenation reactions of M(BH 4 ) n at controlled temperature and hydrogen pressure. Some several excellent reviews on M(BH 4 ) n are also available [2, [12] [13] [14] [15] [16] [17] [18] .
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Fundamentals of Hydrogen Storage Properties
The study of M(BH 4 ) n as a candidate hydrogen storage material started with LiBH 4 [19] . It releases 13.8 mass% of hydrogen by decomposition into LiH and B [19] [20] [21] [22] [23] [24] [25] . The dehydrogenation process at a low heating rate (0.5 K/min) exhibits three distinct desorption peaks, which indicates that it involves several intermediate steps [25] . This was recently explained by the formation of Li 2 4 . The high rehydrogenation temperature of above 873 K might be due to the sluggish kinetics of rehydrogenation, which requires recombination of the dehydrogenated LiH and B, that is, breaking of the rigid boron lattice, and the subsequent diffusion of Li and B atoms toward each other would be mainly responsible for the sluggish kinetics. The sluggish kinetics can be enhanced by preparing a homogenous dispersion of Li and B atoms on an atomic level. For example, forming a binary LiB x compound (e.g., Li 7 B 6 , LiB 3 , and LiB, etc.) has been proved to significantly improve the reaction kinetics of LiBH 4 formation over that of the Li/B mixture [51] [52] [53] . In addition, the formation of LiBH 4 might be related to diborane B 2 H 6 [53] [54] [55] .
Mg(BH 4 ) 2 releases approximately 14.9 mass% of hydrogen when heated up to 870 K [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . The dehydrogenation process is found to also proceed through multiple steps together with the formation of intermediate compounds [62, 63, 65] , as summarized in Figure 2 . Thus far, one of the intermediate compounds has been theoretically predicted and experimentally confirmed as being MgB 12 H 12 [28, 29, 62, [65] [66] [67] [68] [69] [70] [62] . These differences might originate from differences in the measurement conditions. For example, a shorter equivalent judgment time will lead to a higher plateau due to the sluggish kinetics. 
Experimentally, approximately 9.0 mass% of hydrogen was released when Ca(BH 4 ) 2 was heated to 800 K [78] [79] [80] . This value shows good agreement with that predicted by Equation 1 . The presence of two endothermic peaks corresponding to dehydrogenation suggests the formation of intermediate compounds, which is confirmed by the powder X-ray diffraction (XRD) analyses of the dehydrogenated products that were heated to approximately 663 K [78] and after the plateau in the PCT profile measured at 593 K [79] . The intermediate compound is suggested to be a CaB 2 H x compound having a HgCl 2 -type structure with Pnma symmetry according to the high-resolution synchrotron radiation powder XRD measurement [81] . By contrast, the proposed CaB 2 H x was predicted to be both structurally unstable and too high in energy to be a dehydrogenation intermediate based on the plane wave density functional theory calculations [82] . [94] . In addition, there are several other M(BH 4 ) n (e.g., M = Zn, Al, Ti, Mn and Zr) [95] [96] [97] [98] [99] [100] [101] [102] [103] . Most of these were found to be irreversible due to their low melting temperatures and the release of diborane with hydrogen.
Improvement of Hydrogen Storage Properties
Tailoring Thermodynamics
In principle, the Gibbs free energy for a certain reaction determines the reaction temperature. Taking into account that the entropy change ΔS mainly comes from the gaseous hydrogen (i.e., a constant S 0 H2 = 130 J・K −1 mol −1 H 2 ), enthalpy change ΔΗ becomes the specific indicator to evaluate thermodynamic stability. For metal borohydrides, ΔΗ is calculated from the difference in the heat of formation between the product and starting materials. Therefore, two main approaches to tailor the thermodynamic stabilities from both sides-the starting materials and products-are expected: (a) destabilization of M(BH 4 ) n and (b) stabilization of dehydrogenation products, as shown in Figure 3 . One approach to reducing the enthalpy change ΔΗ deh is the destabilization of M(BH 4 ) n , as illustrated in Figure 3 . The thermodynamic stabilities for the series of metal borohydrides M(BH 4 ) n (M = Li, Na, K, Mg, Ca, Sc, Zr, Hf, Cu, Zn, and Al; n = 1-4) have been systematically investigated using first-principles calculations [104] . A good correlation between the predicted heat of formation ΔΗ form of M(BH 4 ) n and the Pauling electronegativity χ P of M is found, which suggests that the χ P is a useful indicator to estimate the thermodynamic stability of M(BH 4 ) n .
The enthalpy change ΔΗ deh of the dehydrogenation of M(BH 4 ) n correlates not only with the stability of M(BH 4 ) n , but also with the stability of the products. The dehydrogenation reactions were assumed as the following equation:
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In the case of no MH m formation, direct decomposition into elements was assumed. Then, the ΔΗ deh of the dehydrogenation was estimated using the reported values of ΔΗ prod and predicted ΔΗ form :
A good correlation between ΔΗ deh and χ P was also obtained according to the theoretical prediction. Furthermore, it is expected that M(BH 4 ) n with χ P ≥ 1.5 are thermodynamically unstable [3] . The dehydrogenation properties were experimentally investigated using thermal desorption analysis during the heating process for milling samples [104] [105] [106] . A good correlation between T d (defined as the temperature of the first peak) and χ P was confirmed experimentally, and was similar to that predicted by the first-principles calculations. Therefore, both the theoretical prediction and the experimental results consistently indicate that T d can be roughly estimated by considering χ P as an indicator.
Inspired by this finding, an approach of producing multi cation borohydrides MM'(BH 4 ) n , in which M and M' have different electronegativities has been proposed to precisely tailor the thermodynamic stability [107] . Several [120] . At the same time, a significant destabilization of LiBH 4 due to combination with the LiNH 2 system was reported [121] , as indicated by the much higher dehydrogenation pressure of the combined materials than that of LiBH 4 alone. Due to these significant destabilization effects, a large number of combination materials have been developed. The recent progress on these combination systems is summarized in Table 3 . This approach not only reduces the enthalpy of the dehydrogenation, which decreases T d , but also kinetically enhances the rehydrogenation reaction. That is, in contrast to the formation of pure LiBH 4 (from right to left in Equation 5) discussed in Section 2, LiBH 4 and MgH 2 form simultaneously (from right to left in Equation 6) under fairly moderate conditions: 5 MPa hydrogen pressure in the temperature range 523-573 K [136] . The difference between these two reactions is attributed to the different crystal structures and boron bonding of pure boron and MgB 2 , as shown in Figure 4 . That is, in pure boron, the common building blocks are icosahedral units that consist of 12 boron atoms, and each atom is connected to five other atoms via covalent bonds. By contrast, in MgB 2 , each boron atom is connected to a maximum of three other boron atoms. The recent activities of the above-mentioned metal boride systems [136, [186] [187] [188] [189] [190] [191] [192] are summarized in Table 4 . 
Promoting Kinetics
M(BH 4 ) n dehydrogenates via stepwise reactions accompanied by the formation of intermediate compounds. Although the rate-controlling step has not been determined, the complicated dehydrogenation feature makes the promotion of kinetics rather challenging. There are two approaches that have been extensively studied to reduce the reaction barrier: (a) appropriate additives with catalytic abilities and (b) the nanoconfinement approach.
Complex hydrides including alanates, amides, and borohydrides are commonly known to exhibit sluggish kinetics. Since Bogdanovic et al. found that the addition of Ti-based compounds significantly promoted the dehydrogenation-rehydrogenation reactions of NaAlH 4 [193] , the development of complex hydrides for hydrogen storage has significantly increased. Stimulated by this finding, a large number of additives from oxides, halides, metals, and carbon-based materials to M(BH 4 ) n have been examined [19, 20, 58, 87, 101, 130, 144, 150, 161, 168, 170, 171, 191, [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] [209] [210] ; the corresponding dehydrogenation and rehydrogenation properties are summarized in Table 5 . For instance, the most effective additive for LiBH 4 was found to be the mixture of 0.2 MgCl 2 + 0.1 TiCl 3 , in which approximately 5 mass% of hydrogen was released from 333 K and 4.5 mass% of hydrogen was rehydrogenated at 873 K in 7 MPa H 2 [195] . The addition of TiCl 3 was also proved to be effective for Mg(BH 4 ) 2 , the starting dehydrogenation temperature of which was reduced to 361 K [58] . Titanium isopropoxide was reported to be an effective additive for the combination system of 2 LiBH 4 + MgH 2 [136] . According to the X-ray absorption spectroscopy analysis, titanium isopropoxide was demonstrated to form a disordered TiO 2 anatase during ball milling with 2 LiBH 4 + MgH 2 . After several dehydrogenationrehydrogenation cycles, Ti species were demonstrated to change to Ti 2 O 3 and TiB 2 [181] . Similar phenomena were reported for most additives, and the oxidation states of the initial additives vary with cycling experiments, though the catalytic mechanism is still uncertain.
The dehydrogenation-rehydrogenation reactions of M(BH 4 ) n are accompanied by the diffusion of constituent elements such as M, B, and H. The relatively high reaction temperature further prolongs the diffusion distance and enlarges the crystallite size of M and B, thus further degrading the hydrogen storage properties. Fabricating and maintaining the nanosized metal borohydrides is expected to be an effective way to overcome the aforementioned barriers. One known approach is to incorporate hydrogen storage materials into nanoporous materials. It was first applied in the NH 3 BH 3 system [211] and good improvement was obtained: The dehydrogenation temperature was largely decreased and the amount of borazine gas (an impurity) was significantly reduced. Recently, this approach was introduced for M(BH 4 ) n materials, and some recent achievements [160, [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] are summarized in Table 6 .
By the incorporation into nanoporous carbon scaffolds with a 13-nm pore size, the dehydrogenation rates of LiBH 4 were found to be up to 50 times faster than those in the bulk materials measured at 573 K [212] . In addition, the capacity loss over three cycles was reduced from 72% for bulk LiBH 4 to ~40% for nanoconfined LiBH 4 . Further, a recent report confirmed the synergetic effects of nanoconfinement and Ni addition on the dehydrogenation and rehydrogenation properties of LiBH 4 . The nanoconfinement of the mixture of LiBH 4 and Ni addition in a nanoporous carbon scaffold shows a higher rehydrogenation rate and larger rehydrogenation amount than those of the samples without Ni addition at 593 K in a hydrogen pressure of 4 MPa [220] . This suggests that the combination of nanoconfinement and additives would be a valid way to improve the hydrogen storage properties of M(BH 4 ) n . 
Conclusions
Metal borohydrides M(BH 4 ) n with an extremely high hydrogen density, have been regarded as potential candidates for on-board hydrogen storage. The high reaction temperature and sluggish kinetics, however, decrease their potential for practical applications. In order to overcome these barriers, a number of efforts have been devoted to improving the hydrogen storage properties in both thermodynamic and kinetic areas. The thermodynamic stability of M(BH 4 ) n can be predicted and tailored by considering the electronegativity of M. The multistep reaction pathway together with the formation of an intermediate compound such as M(B 12 H 12 ) n/2 , might account for the high reaction temperature and slow kinetics. The suppression of the formation of M(B 12 H 12 ) n/2 can be realized by the combination of M(BH 4 ) n with other hydrides or metals. This approach changes the reaction pathway, and therefore, improves the hydrogen storage properties in both thermodynamic and kinetic areas. Regarding the improvement of reaction kinetics, both additives and nanoconfinement have been proved to be vital.
None of the current materials can fulfill the requirements of on-board hydrogen storage for fuel cell vehicles; therefore, continued efforts are required to develop novel materials. According to theoretical predications, many M(BH 4 ) n have the potential to release hydrogen at a moderate temperature, and the sluggish kinetics are considered to be mainly responsible for the high reaction temperature. Effective strategies to achieve fast reaction kinetics will be an important research direction to achieve practical success with metal borohydrides.
